Introduction
Two centuries have now passed since amino acids were shown to be products of the hydrolysis of proteins. [1] By 1900, most of the 20 canonical amino acids were known. Unclear, however, was the nature of the linkage between these amino acids. In 1902, at the Karlsbad meeting of the Gesellschaft Deutscher Naturforscher und ¾rzte, Franz Hofmeister said: [2] " The type of condensation described here through formation of ÀCOÀNHÀCH= groups may thus explain both the building up of protein substances in the organism, as well as their breakdown in the intestinal tract and in the tissues. On the basis of these given facts one may therefore consider the proteins as for the most part arising by condensation of a-amino acids, whereby the linkage through the group ÀCOÀNHÀCH= has to be regarded as the regularly recurring one. "
At the same meeting, Emil Fischer both espoused the Hofmeister theory and introduced the term "peptide", [3] which became associated with the bonds between constituent amino acids.
Peptide bonds undergo uncatalyzed hydrolysis with a t1 = 2 of 400 years, [4] a value that greatly exceeds the lifespan of most organisms. Nonetheless, and as noted by Hofmeister, [2] peptide bonds can be much less stable in vivo, due to the action of proteases. This vulnerability, along with a desire to modulate the structure and function of proteins, has motivated chemical biologists to develop surrogates of the peptide bond.
The peptide bond is a resonance hybrid of three structures (Scheme 1).
[5] The planarity of the peptide bond stems from the delocalization of the nitrogen lone pair into the antibonding orbital (p*) of the carbonyl group, which is reflected in resonance structure III. This delocalization is primarily responsible for the rotational barrier between the cis and trans isomers of the peptide bond, which can limit the rate of protein folding. [6] A survey of peptide-bond surrogates (Scheme 2) reveals that many are neither isosteric nor isoelectronic to the peptide bond. Not surprisingly, replacing peptide bonds with some of these surrogates can lead to a considerable decrease in biological activity.
Peptide-bond isosteres can enable a deep interrogation of the structure and function of a peptide or protein by amplifying or attenuating particular chemical properties. In this Minireview, the electronic, structural, and conformational attributes of four such isosteres-thioamides, esters, alkenes, and fluoroalkenes-are examined in detail. In particular, the ability of these isosteres to partake in noncovalent interactions is compared with that of the peptide bond. The consequential perturbations provide a useful tool for chemical biologists to reveal new structure-function relationships, and to endow peptides and proteins with desirable attributes.
The oxygen lone pairs within a peptide bond can beget noncovalent interactions in peptides and proteins. The orientation and energy of the lone pairs vitally affect these noncovalent interactions. In discord with the conventional picture from VSEPR theory, the oxygen lone pairs are not located in degenerate sp 2 hybrid orbitals. [7] Rather, the lower energy lone pair (n s ) is considerably s-rich and directed along the C=O bond, whereas the other, higher energy lone pair (n p ) is p-rich and located orthogonal to the C=O bond (Figure 1 A) . In many protein secondary structures, the C=O···HÀN hydrogen bond between two amide groups involves the delocalization of the srich lone pair (n s ) into the antibonding orbital (s*) of the NÀH bond (Figure 1 B) .
[8] The other, p-rich lone pair (n p ) delocalizes into the antibonding orbital of the adjacent carbonyl group to give rise to a carbonyl-carbonyl interaction, which we term as an n!p* interaction (Figure 1 C) . [9] We reasoned that a good peptide-bond mimic should participate in most of these interactions within a polypeptide chain. In this Minireview, we explore the electronic and structural properties of four peptidebond isosteres that resemble closely an amide bond: thioamide, ester, alkene, and fluoroalkene (Scheme 2). Unlike other surrogates, these peptide-bond isosteres are planar and retain two sp 2 -hybridized atoms in the main chain. We evaluate and compare, in particular, the ability of these four isosteres to partake in noncovalent interactions, and comment on the ensuing consequences.
Thioamides
A thioamide is an "isostere" of an amide in the strictest sense, with the same number of atoms and valence electrons arranged in the same manner. [10] (Other chalcogen congeners, such as selenoamides and telluroamides, are unstable, and their incorporation into peptides poses a considerable synthesis challenge.) The C=S bond in a thioamide is, however, longer than the corresponding C=O bond in an amide; whereas the CÀN bond is shorter in a thioamide (Scheme 3). The shorter CÀN bond in thioamides arises from the larger contribution from resonance structure III (Scheme 1) in thioamides. [11] On the basis of electronegativity alone, structure III might seem to be more important for amides. Yet, Wiberg and co-workers have argued otherwise. [12] The carbonyl oxygen of an amide is considerably more anionic than is the thiocarbonyl sulfur. Thus, the energetic penalty for its further polarization due to charge transfer from nitrogen is higher for amides. Moreover, the larger size of sulfur better accommodates negative charge than does oxygen. [12] The larger contribution from structure III in thioamides explains two other structural deviations from amides. First, it results in a stiffer out-of-plane bending vibration mode associated with the nitrogen in the thioamides. [12] Second, it increases the rotational barrier across the CÀN bond in thioamides over amides by 2-3 kcal mol À1 .
[13] Peptidyl prolyl isomerases, which catalyze the rotation across the CÀN bond, are inhibited by substrates containing a thioamide, presumably due to its large rotational barrier. [14] Thioamides, like amides, can exist as cis and trans isomers (Scheme 4). Despite the larger rotational barrier, the photoisomerization of a thioamide is more facile than that of an amide.
[15] The photodecomposition during photoisomerization is reduced considerably in thioamides, as the p!p* electronic transition, which is required for photoisomerization, is red-shifted in thioamides (260 nm) relative to amides (200 nm). [16] Photoswitching has been used to increase the population of the cis isomer of prolyl peptide bonds. This photoswitching is fast (t1 = 2 < 600 ps) and efficient, and thermal equilibration is slow (t1 = 2 > 10 min). Unlike the tertiary thioamide of the prolyl peptide bond, [15a] a secondary thioamide can be switched from the trans to cis isomer, and vice versa, because the UV-visible absorption spectra of their cis and trans isomers do not overlap significantly. [15b, c] For example, photoswitching was used to modulate the enzymatic activity of a semisynthetic ribonuclease S containing a thioamide. [18] The light-induced trans-tocis isomerization led to a complete loss of enzymatic activity, Figure 1 . A) Lone pairs of an amide oxygen, and their partial covalent bonds in an a-helix: B) hydrogen bond, and C) n!p* interaction.
[9b]
Scheme 3. Bond lengths [] in peptide-bond isosteres.
[17]
Scheme 4. The cis-trans equilibrium of a peptide bond and isosteres.
which was reinstated after thermally induced cis-to-trans isomerization.
Thioamides are poor hydrogen-bond acceptors, but good hydrogen-bond donors. The O=CÀNÀH···S=C hydrogen bond is weaker than the O=CÀNÀH···O=C hydrogen bond by approximately 1.6 kcal mol À1 , whereas the S=CÀNÀH···O=C hydrogen bond is stronger than the O=CÀNÀH···O=C hydrogen bond by approximately 2 kcal mol
À1
. [17d, 19a, b] Interestingly, the proton affinity of sulfur (203 kcal mol
) in a thioamide is greater than that of oxygen (199 kcal mol
) in an amide. [19a] Yet, thioamides are weaker hydrogen-bond acceptors than amides because this enthalpic advantage is negated by the unfavorable entropy that accompanies hydrogen-bond formation in thioamides. Although thioamides are weak hydrogen-bond acceptors, the sulfur in thioamide is a superior donor for an n!p* interaction. [9a] Additionally, the pK a of C a ÀH in thioamides is lower than that of amides, [20] suggesting that S=CÀC a ÀH···O hydrogen bonds are stronger than O=CÀC a ÀH···O hydrogen bonds. The large size of sulfur, longer C=S bond, and skewed hydrogen-bonding capacity alter the conformational landscape of peptides containing thioamides. Computational studies indicate that the conformational space of the residues both preceding and following the thioamide linkage is reduced considerably.
[21] Specifically, the thioamide bond biases the conformation of the subsequent residue towards more negative f
The effects of thioamide substitution on the conformation and stability of a-and 3 10 -helices, in particular, have been examined computationally by Burgess and co-workers. [22] a-Helices, 3 10 -helices, and b-sheets have O=CÀNÀH···O=C hydrogen bonds (2.1 ) that are shorter than typical O=CÀNÀH···S=C hydrogen bonds (2.7 ). It follows that incorporation of thioamides in these canonical structures would engender strong Pauli repulsion between the sulfur lone pairs and the s-bonding orbital of the NÀH bond.
[9c] Additionally, the carbonyl dipoles in the adjacent carbonyl groups are in a repulsive orientation in an a-helix.
[23] As thioamides have a larger dipole moment than do amides, such repulsions would be more intense. Indeed, Burgess and co-workers reported alteration in the helical parameters to accommodate the longer O=CÀNÀ H···S=C hydrogen bond. Additionally, experimental studies on alanine-based model peptides indicated that a single thioamide substitution can result in helix destabilization by approximately 1.7 kcal mol À1 . [24] Interestingly, Miwa and co-workers found that thioamide substitution at slightly "widened" locations of an a-helix can increase stability. [25] These widened locations presumably do not engender strong n)(s Pauli repulsion between the sulfur lone pair and the s-bonding orbital of the NÀH, but have a stronger hydrogen bond between the thioamide NÀH bond and the amide carbonyl acceptor. Additionally, the thioamide likely endows greater conformational stabilization via the n!p* interaction. Miwa and co-workers have also shown that nonhydrogen-bonded turn positions in b-hairpins are compatible with thioamide substitution. [26] The isosteric replacement of an amide with a thioamide has been exploited to evaluate the contribution of hydrogen bonds to an important protein-ligand interaction. [27] The major histocompatability complex class II protein interacts with its peptidic ligands through a series of hydrogen bonds. One of the hydrogen bonds is between the main-chain oxygen of the peptidic substrate and the side chain of a histidine residue (bHis81). Replacement of that main-chain oxygen with sulfur resulted in a 30-fold increase in the rate of ligand dissociation, in support of the putative role of the hydrogen bond.
A natural thioamide linkage occurs in methyl-coenzyme M reductase, which catalyzes the final step in methane synthesis in a methanogenic archae. [28] An examination of the enzymic crystal structure indicates that the thiocarbonyl group engages in a strong n!p* interaction with the side-chain amide of asparagine a501, orienting that amide to form a hydrogen bond with the sulfhydryl group of coenzyme B. The thioamide sulfur could also act as a one-electron relay during redox catalysis. [28] 
Esters
The geometric parameters of an ester are comparable to those of an amide (Scheme 3). [17a] Analogous to amidic resonance, the lone pair of oxygen O' delocalizes into the antibonding orbital (p*) of the ester carbonyl group.
[5b] As with amides and thioamides, this electron delocalization enforces planarity and begets stable cis and trans isomers. The lower rotational barrier in esters (11 kcal mol ) can be attributed to the weaker charge transfer from the bridging oxygen (O') to the carbonyl group.
[29] Like amides, the trans conformation of an ester is more stable than its cis conformation. The energy difference between the cis and trans conformations of methyl formate has been estimated to be DH8 = 4.75(AE0.19) kcal mol À1 by using matrix-isolation infrared spectroscopy. [30] Delocalization of an O' lone pair into the antibonding orbital (s*) of the carbonyl group likely contributes to this differential stability. [31] Amides and esters differ in their ability to form hydrogen bonds, which has important consequences for protein folding and stability.
[32] Peptide bonds between all proteinogenic amino acids, except proline, can both donate and accept hydrogen bonds. Esters, however, cannot donate a hydrogen bond and are only weak hydrogen-bond acceptors. [33] This weakness is also reflected in their relatively high volatility and low solvation. For example, replacing the amide bond in the Phe-Phe dipeptide with an ester reduces the free energy of transfer from water to octanol by 0.5 kcal mol
À1
. [34] An amide-to-ester substitution entails more than diminished hydrogen bonding. In many secondary structures, the distance between the main-chain nitrogen of a hydrogen-bond donor and the main-chain oxygen of a hydrogen-bond acceptor is approximately 3.0 . In ester variants, the corresponding distance increases to 3.1-4.0 .
[35] This distortion presumably arises because an attractive interaction in amides-the hydrogen bond-is replaced with a repulsive interaction between O' and the proximal main-chain oxygen. Kelly and co-workers have reported this repulsion to be about 0.3 kcal mol À1 in an antiparallel b-sheet structure and approximately 0.4 kcal mol
in an a-helix. [34, 36] ChemBioChem The effects of amide-to-ester substitution on the stability of common secondary structures have been explored both computationally and experimentally. Cieplak and Surmeili calculated that the instability arising from replacing alanine residues with lactic acid depends on the secondary structure: type I bturns < 3 10 -helices < a-helices < b-sheets. [37] This instability was attributed to the loss of the hydrogen bond, a decrease in Lewis basicity of the C=O bond, and the aforementioned O')(O=C repulsion. Ester groups are known to be tolerated in helices, but can cause a change in hydrogen-bonding pattern.
In an a-and 3 10 -helix, a hydrogen bond exists between the C= O of residue i and the HÀN of residue i+4 and i+3, respectively. Replacing amino acid i+4 in an a-helix with a hydroxyl acid can induce residue i to form a hydrogen bond with residue i+3 instead.
[35d]
Ester substitution has also been used to study the role of hydrogen bonding on the conformational stability of several proteins. For example, we have used amide-to-ester substitution to evaluate the strength of the repetitive interstrand hydrogen bonds in the collagen triple helix. [38] The strands of collagen have a repeating sequence: Xaa-Yaa-Gly, where Xaa and Yaa are often proline or proline derivatives. The central axis of a collagen triple helix has a ladder of interstrand hydrogen bonds formed by the C=O of each Xaa residue and the HÀN of each glycine. Amide-to-ester substitution revealed that each of these hydrogen bonds contributes approximately 2.0 kcal mol À1 to triple-helix stability. Likewise, Kelly and coworkers have studied the effects of amide-to-ester substitution in a Pin 1 WW domain, which folds into a twisted three-stranded b-sheet structure. [34] Deletion of a hydrogen bond in the hydrophobic core of this structure decreases stability by approximately 0.8 kcal mol À1 . Additionally, Koksch and co-workers have examined the effects of amide-to-ester substitution on the stability of coiled-coil proteins. [39] They found that the contribution of hydrogen bonding to stability depends on the local environment. Specifically, the contributions of solvent-exposed hydrogen bonds are minimal, but those of buried hydrogen bonds are substantial. [40] Finally, we note that crystal structures have shown that amide-to-ester substitutions lead to a slight distortion of the main-chain geometry. [41] Other attributes of esters are also relevant in this context. They are vulnerable to hydrolysis. (Esters are, however, 10 2 -fold more resistant than thioesters to amine and thiolate nucleophiles. [42] ) In addition, their torsional flexibility engenders amorphicity. These detriments, along with their weaker intermolecular associations, make esters less attractive linkages within compact proteins. [43] Alkenes Alkene isosteres are another genre of peptide-bond surrogates. In an alkene isostere, a C=C bond replaces the CÀN bond (Scheme 2). On geometric grounds alone, an alkene isostere mimics closely the salient features of a peptide bond. For example, the distance between C a i and C a iþ1 in both amides and their alkene isostere is approximately 3.8 , [17b, c] and other bond lengths and angles are likewise comparable (Scheme 3).
Nevertheless, the electronic and electrostatic properties of the amide and alkene isostere differ dramatically. The dipole moment of an alkene isostere (0.1 D) is much lower than that of an amide bond (3.6 D). [44] Thus, dipolar interactions involving the alkene isostere will be much weaker. Additionally, its lack of a heteroatom precludes important noncovalent interactions. For example, the alkene isostere can be neither a strong hydrogen-bond donor nor a hydrogen-bond acceptor. Hence, the alkene isostere is hydrophobic, which is reflected in its desolvation energies. Kelly and co-workers determined the waterto-octanol transfer free energies to be À1.4 kcal mol À1 for a Phe-Phe dipeptidic system and À2.4 kcal mol À1 for its alkene isostere. [34] The alkenic CÀH bond can act as only a weak hydrogen-bond donor, and reduces the strength of a C a ÀH···O hydrogen bond. We note as well that a CÀH···O hydrogen bond differs from a NÀH···O hydrogen bond not only in strength, but also in nature. [46] For example, a hydrogenbonded amide NÀH bond shows lengthening and a red shift in infrared stretching frequency, whereas a hydrogen-bonded CÀ H bond exhibits shortening and a blue shift in infrared stretching frequency. [46] An alkene isostere cannot be a donor for an n!p* interaction and is only a weak acceptor.
[9c] At least two factors make this isostere a weak acceptor for an n!p* interaction. A strong n!p* interaction requires a small energy gap between the lone pair (n) of the donor and the p* orbital of the acceptor. The energy gap between a carbonyl lone pair (n) and the p* orbital of an alkene is approximately 10-fold greater than the analogous energy difference when the p* orbital of an amide carbonyl group is the acceptor. Moreover, the orientation of the p* orbital of the amide carbonyl and that of the p* orbital of the alkene differ substantially relative to the mainchain atoms-the p* orbital of the carbonyl is located along the C=O bond, whereas the p* orbital of the alkene is along the C=C bond. This altered orientation reduces considerably the overlap of the donor lone pair (n) and the acceptor p* orbital.
Pauli repulsion between the lone pair of a donor carbonyl group (n) and a p-orbital exists in both an amide and its alkene isostere. Only in an amide, however, is this destabilizing interaction balanced by a stabilizing n!p* interaction. We demonstrated this dichotomy using a Xaa-Pro dipeptidic system, wherein the equilibrium constant (K trans/cis ) between the cis and trans isomers reports on the donor-acceptor interaction because the stabilizing n!p* interaction and the destabilizing n)(p Pauli repulsion can operate only in the trans conformation of this system (Figure 2) . [47] We found that the trans isomer is more stable than the cis in the ester, but the cis isomer is more stable than the trans in the alkene isostere (Scheme 5). Miller and co-workers have also observed the destabilizing effect of n)(p Pauli repulsion in a b-turn peptidic model system (Scheme 6). [45] This b-turn is stabilized by a hydrogen bond, allylic strain across the Pro-d-Val amide bond, a dipole-dipole interaction, and an n!p* interaction. Replacing the Pro-d-Val amide bond with an alkene isostere disrupts the structure of this particular b-turn by reducing the population of the trans conformation across the Xaa-Pro bond from 100 to 78 %. [45] Other forces can contribute to the conformation of alkene isosteres. For example, A 1, 3 and A 1, 2 strain restricts the conformational space in tetra-and trisubstituted alkene isosteres, and has been used by Gellman, Wipf, and their co-workers to create b-turn mimics. [44, 48a-c] Interestingly, the disubstituted structures have a more open bend, clearly implicating steric effects in limiting accessible f,y conformational space. Analogously, Hoffman and co-workers have employed gauche pentane interference in the design of b-turn mimics.
[49] Some of these b-turn mimics have been shown to be strong nucleators of b-sheet formation in a Pin 1 WW domain. [50] Despite its success in mimicking a peptide bond in a b-turn context, alkene isosteres have proven to be poor mimics in other systems. The mimicry has been studied most extensively in the collagen triple helix. [38, 51] In unfolded collagen strands, prolyl peptide bonds exist as both cis and trans isomers, whereas they are only in the trans conformation in a triple helix. Accordingly, substitution of a prolyl peptide bond with its E-alkene isostere should increase triple-helix stability by preorganizing the prolyl peptide bond in the requisite trans conformation. Yet, replacing any of the three peptide bonds in the triplet repeat with an E-alkene decreases triple-helix stability. [38, 51] This observation is consistent with the loss of a favorable n!p* interaction and the gain of unfavorable n)(p Pauli repulsion (Figure 2 ).
[9c] In studies unrelated to collagen, Oishi and co-workers reported that the substitution of a peptide bond with an alkene isostere leads to severe disruption of a-helical structure, [52] which can be attributed to the loss of hydrogen bonds and n!p* interactions and the gain of disruptive n)(p Pauli repulsion.
The insurmountable rotational barrier between the cis and the trans isomers of an alkene isostere has been exploited by Etzkorn and co-workers.
[53] Enzymes can have a higher affinity for the cis or trans isomers of their peptidic substrates. For example, Etzkorn and co-workers synthesized alkene isosteres that mimic cis and trans prolyl peptide bonds and demonstrated that Pin 1 prefers to bind the cis isostere. Both alkene and fluoroalkene isosteres have been used to study the activity of peptidyl prolyl isomerases. [54] The inability of the alkene isosteres to form hydrogen bonds has been employed by Kelly and co-workers to probe the requirements of Alzheimer's amyloidogenesis. [34, 55] It has been argued that the main-chain hydrogen bonds are important for the formation of the cross-b-sheet formed by the Ab peptide in amyloid fibrils. Accordingly, deleting the main-chain hydrogen bond by replacing a peptide bond with an alkene isostere could deter fibril formation. Indeed, Ab peptides containing the alkene isostere do not form fibrillar aggregates.
Fluoroalkenes
In a fluoroalkene isostere, one of the olefinic hydrogens of the alkene isostere is replaced with fluorine (Scheme 2). The highly electronegative fluorine mimics the carbonyl oxygen of the amide and endows a fluoroalkene with a sizeable dipole moment (1.4 D) . [44] Despite this enhancement, a fluoroalkene isostere is still unable to mimic many essential features of a peptide bond. For example, the fluoroalkene isostere is neither a good hydrogen-bond donor nor a good hydrogen-bond acceptor, which makes it considerably hydrophobic (Table 1 ). In addition, the fluoroalkene isostere remains a poor acceptor for Figure 2 . The n!p* interaction and n)(p Pauli repulsion in the trans isomer of Xaa-Pro isosteres. [9a] Scheme 5. The cis-trans equilibrium of an Xaa-Pro peptide bond and isosteres.
[9c]
Scheme 6. The cis-trans equilibrium of a peptide bond and isosteres in a bturn. [45] an n!p* interaction, and prefers a cis prolyl peptide bond in the aforementioned Xaa-Pro dipeptidic system (Scheme 5).
Like an alkene isostere, a fluoroalkene disrupts b-turn structures by reducing the population of the trans conformation across the Xaa-Pro bond (Scheme 6). [45] Again, the loss of the stabilizing n!p* interaction and gain of a destabilizing n)(p repulsion is detrimental to b-turn structure. Fluoroalkene isosteres, like alkene isosteres, also disrupt a-helical conformation, presumably due to their inability to participate in hydrogen bonds and n!p* interactions, and also because of their inherent n)(p Pauli repulsion (Figure 2) . [52] The Z-and E-fluoroalkene isosteres have been used to mimic the trans and cis isomers of peptide bonds. For example, in a peptide nucleic acid (PNA), a tertiary amide links a peptide-like main chain to side-chain nucleobases. This amide has two isomers. Leumann and co-workers replaced this amide with fluoroalkene and alkene isosteres, and found that both the E-and Z-olefinic peptide nucleic acids (OPAs) bound to DNA with the same affinity.
[56] This surprising result indicated that both cis and trans isomers can form a duplex with DNA. In addition, the OPAs, unlike PNAs, do not form a triplex and bind preferentially in the parallel mode to DNA. Nonetheless, the duplexes of OPAs and fluoroalkenic peptide nucleic acid (F-OPAs) with DNA are less stable than the corresponding PNA:DNA duplex. Accordingly, an aspect of the tertiary amide is important for PNA:DNA duplex stability. In addition, the OPAs show a higher tendency to self-associate, presumably due to their enhanced hydrophobicity. A close examination of the crystal structures of PNA:PNA and PNA:DNA duplexes reveals that the carbonyl group of the tertiary amide engages in a lone pair-p interaction [57] with the aromatic ring of the nucleobases. Such a stabilizing interaction would be less significant for the fluoroalkene isostere and absent from the alkene isostere.
Wipf and co-workers have argued that a trifluoromethyl group is a better electrostatic mimic of the carbonyl oxygen than is the fluorine or hydrogen of the fluoroalkene and alkene isosteres. This argument is supported by the dipole moment of the trifluoromethylalkene isostere (2.3 D) being closer to that of the amide (3.6 D). Yet, incorporating a trifluoromethyl group in the cyclodecapeptide gramicidin led to considerable structural perturbation as revealed by circular dichroism spectroscopy and X-ray crystallography. [58] Apparently, the trifluoromethyl group was not well accommodated in the middle of the b-hairpin. (A values indicate that a trifluoromethyl group is at least as large as a isopropyl group; Taft-type steric parameters indicate it to be as large as an isobutyl group. [59] ) Interestingly, the minimum inhibitory concentration (MIC) value of the trifluoromethylalkene isostere was equivalent to that of gramicidin, as the structural feature necessary for the biological activity-the extension of the ornithine side chains in an orthogonal fashion from the periphery of the bsheet-is preserved in both structures. Hence, trifluoromethylalkene isosteres could be useful as peptide-bond surrogates at locations that are not involved directly in molecular recognition.
Outlook
We have reviewed the electronic and structural properties of four peptide-bond isosteres, along with their ability to participate in noncovalent interactions. We find that employing these isosteres enhances some attributes of the amide bond, but diminishes others (Table 1 ). These isosteres enable the structural and biological consequences of the peptide bond to be probed as thoroughly as possible, within the constraints imposed by the periodic table. Our conclusions derive mainly from work with peptides. Although much effort has been directed to the incorporation of amino acids with non-natural side chains into proteins, less work has been done on replacing peptide bonds in proteins. We encourage those efforts, which could provide much insight. 
